Fatty acid 2-hydroxylase (FA2H) is a NAD(P)H-dependent enzyme which initiates FA  oxidation and is also responsible for the biosynthesis of 2-hydroxy fatty acids (2-OH FA)-containing sphingolipids in mammalian cells. The 2-OH FA is chiral due to the asymmetric carbon bearing the hydroxyl group. Our current study performed stereochemistry investigation and showed that FA2H is stereospecific for the production of (R)-enantiomers. 
INTRODUCTION
Fatty acid (FA) hydroxylation alters the packing structures of membrane microdomains and thus could regulate cellular functions of membrane-associated proteins (1) . Fatty acid 2-hydroxylase (FA2H) is a recently identified NAD(P)H-dependent enzyme that catalyzes the hydroxylation of FA at the C-2 position to produce 2-hydroxy fatty acids (2-OH FAs) (Scheme 1) (2, 3) . In addition to undergoing  oxidation to form odd chain length FAs (4), the FA2H-generated 2-OH FAs are incorporated into a long-chain sphingosine base via an amide bond to generate 2-hydroxy sphingolipids (2-OH sphingolipids) (Scheme 1) (5). The 2-OH sphingolipids are important components of plasma membrane lipid rafts, which host a variety of signaling and trafficking events. Specific functions of 2-OH sphingolipids in membrane endocytosis were first demonstrated in Saccharomyces cerevisiae yeast strains with defective SCS7/FA2H (6, 7) . Recent genetic studies suggest a critical role of FA2H and possibly 2-OH sphingolipids in multiple neurodegenerative diseases. Loss of FA2H in mice causes significant demyelination and profound axonal loss (8, 9) . Mutations in the FA2H gene in humans are associated with leukodystrophy (10), spastic paraplegia (11) and neurodegeneration with brain iron accumulation (12) . FA2H may also play a significant role in metabolism. We recently showed decreased levels of glucose transporter 4 (GLUT4) proteins and thus cellular glucose uptake in FA2H knockdown adipocytes (13) . A recent study also suggested a role of FA2H in synthesis of specific sebaceous gland or sebum lipids and in regulating the hair follicle homeostasis (14) .
2-OH FAs are chiral due to the asymmetric carbon bearing the hydroxyl group and a specific 2-hydroxylase usually generates enantiopure products. Biological samples and diets therefore have different enantio-enrichments of 2-OH FAs. Wool wax 2-OH FAs are found exclusively in the (R)-form whereas in bacteria lipopolysaccharides (S)-2-OH FAs are the major form (15, 16) .
Most food and animal tissue samples, including fat (suet) (17) , have both enantiomers (16) .
However, there is lack of information on which enantiomer is generated by FA2H and on whether both enantiomers are biologically active. Moreover, due to the lack of stereochemistry information of FA2H, racemic 2-OH FAs, but not 2-OH FA enantiomers were used to explore its potential role or to reverse effects of FA2H deficiency (7, 13 
Culture and treatment of 3T3-L1 adipocytes
3T3-L1 adipocytes were cultured and differentiated as described (13) . Adipocytes were used 6~8 days after initiation of differentiation. Mouse FA2H siRNA synthesis and transfection were performed exactly as described (13) . 24 hours post transfection, cells were switched to growing media with 50 µM 2-OH palmitic acid enantiomers. 2 days later, fluorescence recovery after photobleaching (FRAP) experiment, glucose uptake assay, lipogenesis, quantitative RT-PCR or
Western blotting were performed as we previously described (13) .
Generation of CHO cell line stably over-expressing FLAG-hFA2H
CHO cells were cotransfected with pcDNA3-FLAG-hFA2H (2) and pTK-hyg vector (Clontech) at a 20:1 ratio using the Lipofectamine 2000 as previously described (18) . The cells were then selected with 150 µg/ml hygromycin (Invitrogen). After three weeks, hygromycin-resistant colonies started to grow. Individual colonies were isolated using cloning cylinders (Sigma) and transferred to 24-well plates in duplicates. Recombinant FA2H proteins containing the FLAG epitope in one well were verified by Western blot analysis with anti-FA2H or anti-FLAG antibody (Cell Signaling Technology), and clones with protein expression were selected and diluted in media with 150 µg/ml hygromycin. Around two weeks later, by guest, on November 9, 2017 www.jlr.org
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hygromycin-resistant colonies were isolated again and clones with protein expression were selected and scaled up for further assays.
Lipid extraction and derivatization of 2-hydroxy fatty acids (2-OH FAs)
Cells cultured in 10 cm plates were washed with PBS and scrapped into PBS. Cell pellets were collected by centrifugation in 10 mL glass tube with screw cap. FA methyl esters were prepared by reaction with methanol:acetyl chloride (2:1, v/v) at 70°C as described (19) . Hydroxy 
Enantiopurification of 2-hydroxy palmitic acid (2-OH PA)
Purification of 2-OH PA enantiomers was achieved by recrystallization from commercially available racemic 2-OH PA as described (20) . Briefly, 1 g racemic acid dissolved in 50 ml of Ultra-high-purity helium was used as the carrier gas at a constant flow rate of 1.0 mL/min and methane as the reagent gas with a flow rate of 2.0 mL/min. The column temperature was initially held at 100 °C for 0 min and then raised to 280 °C at a rate of 30°C /min, followed by isothermal period of 5 min. The total run time was 11.0 min. The injector and transfer line temperatures were set at 250 °C and 280 °C, respectively. 1.0 µL of sample in heptane was injected with a 7683 autosampler on split mode with a split ratio of 1: 5. A solvent delay of 4 min was applied.
The MS ion source temperature was kept at 200 °C. The MS was run in the full scan mode at 2.69 cycles/second, with electron energy of 70 eV.
Lipid extraction and analysis of sphingolipids by electrospray ionization mass spectrometry (ESI/MS)
Adipocytes cultured in 10 cm plates were washed with PBS, collected and resuspended in 0.5 ml PBS. After spiking 500 pmol of each component of ceramide/sphingoid internal standards mixture I (Avanti Polar Lipids, LM-6002), lipids were extracted as described (21) [M+Li] + as described (23) .
Quantitative analysis of 2-OH Cer and 2-OH hexosylceramide (2-OH HexCer) was performed as described (21) 
Statistical Analyses
The data are presented as means ± S.E. The results were analyzed by one-way ANOVA followed by post hoc t test. A p value < 0.05 was considered statistically significant.
RESULTS

Stereospecific generation of (R)-2-OH FA by FA2H
We prepared the optically pure 2-hydroxy palmitic acids, (R)-2-hydroxy palmitic acid To check the stereospecificity of FA2H, we stably overexpressed human FA2H (hFA2H) with a FLAG tag in Chinese hamster ovary (CHO) cells where endogenous FA 2-hydroxylase activity is low. Western blot analysis verified the overexpression of hFA2H in this cell line (Fig. 1G ). Cellular lipids were extracted and 2-OH FAMEs were prepared by methylation prior to separation on a silica plate. The isolated 2-OH FAMEs were then derivatized with (R)-MTPA-Cl and analyzed by GC-NCI-MS. As shown in Figure 1 , neither (R)-2-OH PA nor (S)-2-OH PA was detected in the control CHO cells due to low FA 2-hydroxylase activity (Fig. 1F) . Overexpression of hFA2H in CHO cells exclusively produces (R)-2-OH PA, but not (S)-2-OH PA, as only one chromatographic peak was recorded at 8.56 min (Fig. 1E) which is identical to those of authentic (R)-2-OH PA from wool wax (Fig. 1B ) and purified standard (Fig. 1C) . NCI-MS spectrum of the peak gives fragment ions at m/z 471, 269 and 189, which are identical to those from purified standard. These results confirmed the stereospecificity of FA2H for the production of (R)-enantiomeric 2-OH FAs. 
Regulation of GLUT4 level, glucose uptake and lipogenesis by 2-OH PA enantiomers in
FA2H knockdown adipocytes
We further studied some of the biological consequence of the regulated raft fluidity by FA2H and 2-OH FA enantiomers. Glucose transporter 4 (GLUT4) is the major insulin responsive glucose transporter in muscle and adipose and its activity on glucose uptake is determined by protein level and plasma membrane localization. Lipid rafts play important roles in determining GLUT4
trafficking, degradation and glucose uptake (24, 25) . Knockdown of FA2H in adipocytes decreases the protein level of GLUT4 and thus impairs glucose uptake under basal and insulin-stimulated conditions, due to the accelerated raft fluidity that promotes degradation of GLUT4 (13) . Since the increased raft fluidity can only be reversed by the (R)-form of 2-OH PA, we asked whether (R)-2-OH PA is also specific to reverse the effects of FA2H knockdown on GLUT4 level and function. We measured protein levels of GLUT4 and glucose uptake after treatment with (R)-2-OH PA or (S)-2-OH PA in FA2H knockdown adipocytes. Since fatty acid synthase (FAS) and stearoyl-CoA desaturase 1 (SCD1) levels are correlated with glucose utilization (26), we also measured FAS and SCD1 mRNA levels. As shown in Fig. 4 , in FA2H-depleted adipocytes, the decreased GLUT4 levels (Fig. 4, A and B) , rates of glucose uptake (Fig. 4C ), FAS and SCD1 mRNA levels (Fig. 4 , D and E) and lipogenesis ( Fig. 4F) were reversed by treatment with (R)-2-OH PA. In contrast, a further reduction or no effect was observed for (S)-2-OH PA (Fig. 4) .
Levels of caveolin-1 proteins were not changed either by FA2H knockdown or treatment with 2-OH PA enantiomers (Fig. 4A) , suggesting that FA2H and caveolin-1 are independent determinants of raft mobility and GLUT4 levels. The levels of pref-1 are not changed either (Supplemental Fig. S3 ), together with unchanged levels of caveolin-1 (Fig. 4A ) and AP2 (13), arguing against adipocyte dedifferentiation by FA2H knockdown. These results, together with the specific effects of (R)-2-OH PA on raft fluidity, provided further support for the stereospecificy of FA2H for the production of the (R)-form of 2-OH FA and suggested that (R)-2-OH PA is more potent and appropriate than racemic 2-OH PA to reverse effects caused by FA2H deficiency.
Regulation of 2-OH sphingolipids in adipocytes by FA2H knockdown and 2-OH PA enantiomers.
In order to confirm whether FA2H regulates raft mobility and GLUT4 levels via synthesis of 2-OH sphingolipids, we first identified 2-OH sphingolipids in 3T3-L1 adipocytes. Negative-ion (Fig 5A) . A peak at m/z 552 suggested the presence of C16:0 2-OH Cer (Fig 5A, insert) . amounts of both C16:0 2-OH Cer and C16:0 2-OH HexCer (Fig. 6) . When 2-OH PA enantiomers were added to FA2H knockdown cells, (R)-2-OH PA was enriched in HexCer (Fig. 6B ) while (S)-2-OH PA was preferentially incorporated into Cer (Fig. 6A) . In contrast, the amounts of non-hydroxy PA in Cer and HexCer were not increased by 2-OH PA (supplemental Fig. S5 ),
suggesting that the differential incorporation of 2-OH PA enantiomers into distinct sphingolipid classes is mainly due to enzyme substrate specificities instead of altered total enzymatic activities involved in the biosynthesis of Cers and HexCers. Collectively, regulation of raft mobility and GLUT4 level by FA2H and 2-OH PA enantiomers is correlated with the amounts of 2-OH PA in sphingolipids and distribution of 2-OH PA enantiomers in different sphingolipid subclasses.
DISCUSSION
In mammalian cells, two types of FA 2-hydroxylases have been identified: phytanoyl-CoA hydroxylase (PAHX) (27) and fatty acid 2-hydroxylase (FA2H) (2, 3) . Mammalian FA2H is a NAD(P)H-dependent monooxygenase which was cloned independently by two research groups classes cannot be excluded and some functions of FA2H could be sphingolipid-independent. This possibility will be examined in future studies with synthesis of proper authentic standards containing 2-OH FA enantiomers. In addition to incorporation into lipid species, 2-OH FA could be further catabolized by the α oxidation pathway (Scheme 1). In that pathway, 2-OH phytanoyl CoA lyase cleaves 2-OH acyl-CoA to an aldehyde with one less carbon and thiamin pyrophosphate is required for its enzymatic activity (31) . It will be interesting to examine the metabolic consequence of the accumulative reactive lipid aldehydes. For example, lipid aldehydes could modify the side chains of protein amino acids in a reaction termed protein carbonylation (32) leading to alteration of glucose tolerance (33).
FA2H is highly expressed in brain and epidermis. Complete absence of 2-OH sphingolipids associates with late-onset axon and myelin sheath degeneration (9) and causes central nervous system dysfunction (8) . In the epidermis, FA2H is required for epidermal lamellar membrane formation during keratinocyte differentiation (34) and fur formation and sebum production in mice (14) . Physiological functions of FA2H in other cell types/organs are largely unknown. In agreement with the neuronal dysfunction in FA2H null mice, mutations in the FA2H gene in humans have recently been identified to be associated with leukodystrophy (10), hereditary spastic paraplegia (HSP) (11) and neurodegeneration (12) . However, although the main known effect of total loss of function of FA2H is neuronal, our recent study indicated that the enzyme may play a role in adipocyte metabolism by regulating GLUT4 trafficking, lipogenesis and adipocyte differentiation (13) . The expression of FA2H has also been identified in adipose tissues and its levels are correlated with adiposity (35) . The functions of FA2H and FA 2-hydroxylation in regulating FA α oxidation and adipocyte metabolism and their physiological relevance require future studies. These studies will be facilitated by recent availability of transgenic mouse models.
In summary, we identified for the first time the stereospecificity of FA2H for the exclusive production of (R) by guest, on November 9, 2017 
